Objective-Oxidative stress mediated by Nox1-and Nox4-based NADPH oxidase (Nox) plays a key role in vascular diseases. The molecular mechanisms involved in the regulation of Nox are not entirely elucidated. Because JAK/STAT regulates many genes linked to inflammation, cell proliferation, and differentiation, we questioned whether this pathway is involved in the regulation of Nox1 and Nox4 in human aortic smooth muscle cells (SMCs). Methods and Results-Cultured SMCs were exposed to interferon ␥ (IFN␥) for 24 hours. Using lucigenin-enhanced chemiluminescence and dihydroethidium assays, real-time polymerase chain reaction, and Western blot analysis, we found that JAK/STAT inhibitors significantly diminished the IFN␥-dependent upregulation of Nox activity, Nox1 and Nox4 expression. In silico analysis revealed the presence of highly conserved GAS elements within human Nox1, Nox4, p22phox, p47phox, and p67phox promoters. 
merging clinical and experimental evidence demonstrate the role of oxidative stress in the development of cardiovascular disorders. Reactive oxygen species (ROS) are implicated in different cell processes associated to vascular plaque formation such as growth, proliferation, differentiation, and apoptosis of smooth muscle cells (SMCs). 1, 2 Deciphering the molecular mechanisms underlying the regulation of ROS production may lead to new therapeutic approaches.
NADPH oxidases (Nox) are regulated by a plethora of stimuli and represent a major source of ROS in the vasculature. Depending on the cell type, the vascular Nox comprises 3 distinct catalytic subunits (Nox1, Nox2, Nox4) and 6 cytosolic regulatory components (p47phox, p67phox, NoxO1, NoxA1, Rac1/2). The p22phox component is essential for Nox activity forming a bound complex with Nox1-4. 3, 4 SMCs express predominantly Nox1 and Nox4 isoforms, which are differentially distributed in the cellular compartments and direct several redox-dependent processes. 5 It was postulated that Nox1 associates with and promotes SMCs proliferation, whereas Nox4 is required for the maintenance of differentiated phenotype. 6 Changes in gene expression of the Nox isoforms are critical for its function. In previous studies we showed that the expression of p22phox subunit and the ensuing superoxide production is regulated by NF-kB and AP-1 in human aortic SMCs. 7, 8 However, the transcriptional regulatory mechanisms of oxidase components are not entirely elucidated.
Activation of Janus tyrosine kinase/signal transducers and activators of transcription (JAK/STAT) signaling pathway is an essential pathogenic mechanism leading to SMC hypertrophy and hyperplasia. It was shown that STAT1 and STAT3 are triggers of vascular remodeling leading to SMCs dysfunction in hypertension and diabetes. 9, 10 Also, activated STAT1/ STAT3 was detected in atherosclerotic lesions. 11 The JAK/STAT pathway is stimulated by cytokines, vasoactive agents, hormones and growth factors and provides a direct mechanism to translate an extracellular signal into a transcriptional response. 12, 13 A redox-dependent mechanism of JAK/STAT activation by Nox-derived ROS was reported in SMCs. 14 Activated STATs bind specific regulatory sequences, such as ISRE (interferon-stimulated response element) or GAS (␥-activated sequence) to induce or repress transcription of target genes. 15, 16 Because upregulated Nox and STATs are temporally and spatially colocalized in activated SMCs within atherosclerotic lesions, we searched for the involvement of JAK/STAT signaling itself in the regulation of oxidase expression and function in human aortic SMCs stimulated by IFN␥, a potent inducer of both Nox and JAK/STAT. We provide evidence that Nox1 and Nox4 isoforms, as well as p22phox, p47phox, and p67phox subunits, are regulated by STAT1 and STAT3 transcription factors.
Methods

Materials
Chemicals and reagents were obtained from Sigma unless stated otherwise.
Cell Culture
SMCs were isolated from the media of human fetal thoracic aorta and characterized as described. 17 Confluent quiescent cells (at 8 to 12 passages) cultured 24 hours in serum-free Dulbecco modified Eagle Medium were exposed (up to 24 hours) to 100 to 400 U/mL IFN␥ in the presence or absence of JAK/STAT inhibitors: decoy oligodeoxynucleotides (ODN), AG490, S3I201, WP1066. Optimal concentration of inhibitors was established in transfection experiments employing pGAS/ISRE-luc control plasmid: 150 nmol/L ODN, 20 mol/L of AG490 and S3I201, or 5 mol/L WP1066.
Measurement of NADPH Oxidase Activity
Nox activity was measured by lucigenin-enhanced chemiluminescence, dihydroethidium, and cytochrome c reduction assays. 18 The NADPH-dependent O 2 Ϫ production was expressed as arbitrary units.
Real-Time PCR
Quantification of Nox1, Nox4, manganese superoxide dismutase (MnSOD), and matrix metalloproteinase (MMP) 9 mRNA expression was done by amplification of cDNA using SYBR Green I chemistry. The relative quantification was performed by comparative C T method and expressed as arbitrary units. 19 
Plasmid Construction
The promoters (Ϸ 1200 bp) of the human Nox1 (KpnI/ SacI), Nox4 (XhoI/HindIII), p22phox (KpnI/SacI), p47phox (KpnI/SacI), and p67phox (KpnI/XhoI) genes were amplified by PCR from genomic DNA and inserted into the multicloning site of the pGL3 basic vector. Deletion mutants were generated by progressively removal of Ϸ 200 bp from Nox1 and Nox4 promoters and cloned in the same reporter vector.
Transient Transfection
Superfect reagent (Qiagen) was used as previously indicated. 20 The promoter activity was calculated from the ratio of firefly luciferase to ␤-galactosidase levels and expressed as arbitrary units. Transfection of decoy ODN 21 was performed using double-stranded DNA with sequences corresponding to the consensus STAT1-and STAT3-binding sites or scrambled.
Western Blot
Protein analysis was performed as described. 3 Quantification of Nox1 and Nox4 protein was done by normalization to ␤-actin protein and expressed as arbitrary units.
Chromatin Immunoprecipitation
DNA-protein interaction was evaluated using antibodies, reagents, and protocols from Santa Cruz Biotechnology as previously described. 8 PCR was done using primers for Nox1 and Nox4 promoters flanking the GAS elements.
Statistical Analysis
Data were expressed as meansϮSD. Statistical evaluation was done by 1-way ANOVA test; PϽ0.05 was considered statistically significant. An extended methods section can be found in the supplemental materials (available online at http://atvb.ahajournals.org).
Results
IFN␥ Increases Nox Activity in SMCs
Stimulation of SMCs with IFN␥ (100 to 400 U/mL) resulted in a dose-and time-dependent increase in Nox activity. Compared to control level, treatment with 100 U/mL IFN␥ augmented significantly the NADPH-dependent O 2 Ϫ production at 4 hours (Ϸ 40%) to a level that was maintained for 24 hours (Ϸ 60%). Higher effect was detected for 200 U/mL and 400 U/mL of IFN␥ at the 24-hour point (supplemental Figure  I) . The physiological relevant concentration of 100 U/mL IFN␥ was used in all experiments.
JAK/STAT Pathway Regulates Nox Activity in SMCs
To determine whether JAK/STAT-dependent mechanism contributes to the regulation of Nox activity, SMCs were incubated for 4 or 24 hours with 100 U/mL IFN␥ in the presence of STAT1/STAT3/Scrambled ODN, AG490, S3I201, or WP1066.
The 
JAK/STAT Signaling Regulates Nox1 and Nox4 Gene and Protein Expression
Nox1 and Nox4 gene and protein expression was evaluated by real-time PCR and Western blot in SMCs exposed to 100 U/mL IFN␥ (24 hours) in the presence or absence of JAK/STAT signaling pathway inhibitors: STAT1/STAT3/ Scrambled ODN, AG490, S3I201, or WP1066.
The results showed that stimulation of SMCs with IFN␥ caused a significant but differential increase in Nox1 and Nox4 mRNA. The Nox1 gene expression attained a maximum level at 6 hours after stimulation (Ϸ2-fold above the control level), and the level was sustained for 24 hours. In contrast, the upregulation of Nox4 message (Ϸ50% above the control) was detected only after 24 hours in stimulated cells. Nox1 and Nox4 protein expression was significantly augmented after 24-hour incubation with IFN␥; the values obtained were Ϸ35% to 40% above the baseline (data not shown).
Inhibition of JAK/STAT signaling pathway by STAT1/ STAT3 ODN, AG490, S3I201, or WP1066 significantly diminished the enhanced Nox1 and Nox4 gene and protein expression in IFN␥-stimulated SMCs. In contrast, SC ODN failed to affect the IFN␥-dependent upregulation of mRNA and protein levels ( Figure 2 ).
To validate our experimental design and to assess the IFN␥-induced oxidative stress and proinflammatory conditions in SMCs, the gene expression of MnSOD and MMP9 were measured in parallel experiments. The results showed that IFN␥ determined a significant upregulation of both genes in a JAK/STAT-dependent manner (supplemental Figure III) .
Analysis of Human Nox1 and Nox4 Promoters
In silico analysis (TRANSFAC) revealed the presence of typical GAS (STAT1/STAT3) elements in the promoters of human Nox1 [Ϫ277/Ϫ269 bp (III), Ϫ156/151 bp (II), Ϫ80/Ϫ72 bp (I)] and Nox4 [Ϫ859/Ϫ851 bp (III), Ϫ780/772 bp (II), Ϫ699/691 bp (I)]. The location of the nuclear factor consensus sequences were counted relative to the ATG codon (ϩ1).
To identify the regions required for basic promoter activity and to determine the function of these binding sites, the promoters of human Nox1 and Nox4 genes and the corresponding deletion mutants were cloned into pGL3 basic vector ( Figure 3A and 3E). The resulting plasmids were transfected into SMCs, and the expression of the luciferase reporter gene was analyzed as described.
Nox1
Maximal luciferase gene expression was directed by the proximal activating promoter elements of c4 -7. Distal sequences between Ϫ1232 bp and Ϫ818 bp decreased the activity of the reporter gene. Deletion to Ϫ621 bp resulted in a significant increase of c4 promoter activity (Ϸ80%) compared to c1. A further deletion of Ϸ60-bp fragment from c7 significantly downregulated the luciferase level to approximately 70% of the maximal level indicating the loss of essential cis-acting elements, including GAS (I), responsible for the basic promoter activity ( Figure 3B ).
Nox4
Sequences between Ϫ1163 bp and Ϫ377 bp acted as positive regulatory elements. Highest luciferase levels were directed by the promoters of c1-5. Deletion to Ϫ377 bp (c6) resulted in a significant decrease (Ϸ50%) of the reporter gene activity compared to c5. A further removal of a Ϸ200-bp fragment from c6 decreased the luciferase signal to Ϸ50%. Nevertheless, the gene reporter activity directed by c7 promoter was significantly greater than those induced by the promoterless pGL3 basic vector. Removal of consecutively larger fragments almost proportionally decreased the Nox4 promoter activity (c5Ͼc6Ͼc7) indicating that GAS elements may have role but they are not essential for the basic Nox4 promoter activity ( Figure 3F ).
Functional Analysis of GAS Sites
To establish whether the above indicated putative binding sites mediate transcriptional activation of the Nox1 and Nox4 genes, we performed cotransfection experiments using 5Ј deletion constructs (in which the GAS binding sites have been sequentially removed), and STAT1 or STAT3 expression vectors. In addition, inhibition studies were conducted using specific STAT1/STAT3 ODN and JAK2 inhibitors.
Nox1
Transient overexpression of STAT1 upregulated the c1, c5, c6, and c7 promoter activity (Ϸ50% to 60%) over the control level (pcDNA3.1). Likewise, compared to controls, overexpression of STAT3 significantly increased the promoter activity of the c1 (Ϸ3-fold), c5 (Ϸ4-fold), c6 (Ϸ4.5-fold), and c7 (Ϸ2.8-fold) constructs. In each case, the overexpression of STAT3 resulted in a much higher induction of promoter activity than STAT1. Moreover, overexpression of both STAT1 and STAT3 determined an even higher increase in luciferase activity (Ϸ25% above the STAT3 level). The promoter activity of the construct c8 was not up-regulated by STAT1 or STAT3 overexpression ( Figure 3C ).
Nox4
Overexpression studies conducted with Nox4 constructs indicated that either STAT1 or STAT3 are able to activate the transcription of luciferase gene directed by the promoters of the c1, c2, c3, and c4 constructs. STAT1 overexpression upregulated the gene reporter activity by Ϸ50% over control, whereas STAT3 augmented luciferase level by Ϸ1.2-fold. Overexpression of STAT3 determined a higher induction of promoter activity than STAT1 in the tested constructs. Compared to STAT3 level, induction of both STAT1 and STAT3 had no additional effect on Nox4-derived promoter activity. The c5 promoter activity was not significantly affected by the STAT1/STAT3 overexpression ( Figure 3G ). To further uncover the role of JAK/STAT signaling pathway in the regulation of Nox1 and Nox4 promoter activity we performed cotransfection experiments using sequence specific ODN or JAK2 inhibitors. The results demonstrated that blockage of STAT1 or STAT3 considerably decreased luciferase expression directed by each promoters. In contrast, the transcriptional activity was not significantly affected by the scrambled ODN. Furthermore, a negative regulation of IFN␥-stimulated Nox1 and Nox4 transcription was observed in AG490, S3I201 or WP1066 treated SMCs ( Figure 3D and 3H). A schematic representation of GAS elements within Nox1 and Nox4 promoters is depicted in Figure 3A and 3E.
Regulation of p22phox, p47phox, and p67phox Promoter Activity by JAK/STAT
To test the role of JAK/STAT signaling pathway in the overall regulation of Nox transcription in SMCs, we performed additional experiments using p22phox, p47phox, or p67phox promoter-luciferase constructs and STAT1/STAT3 expression vectors. Compared to controls, transient overexpression of STAT1 induced a significant increase of p22phox (Ϸ80%), p47 phox (Ϸ40%), and p67phox (Ϸ50%) promoter activity. STAT3 overexpression greatly induced the luciferase activity (Ϸ1.7-fold over the pcDNA3.1 level) directed by p47phox and p67phox promoters, but did not affect the p22phox transcription. Induction of both STAT1 and STAT3 had no additional effect on luciferase level directed by promoters of Nox subunits. Inhibition studies conducted in IFN␥-stimulated SMCs revealed that either p22phox, p47phox, or p67phox promoter activities were sensitive to STAT1/STAT3 ODN, AG490, S3I201 or WP1066 (supplemental Figure IV) .
The overexpression of STAT1 and STAT3 and the specificity of the inhibitors were confirmed using pGAS/ISRE-luc control plasmid ( Figure 4A and 4B ).
Physical Interaction of STAT1 and STAT3 With the Predicted GAS Elements
To establish whether the GAS elements from Nox1 and Nox4 promoters are occupied by STAT1 or STAT3, we performed chromatin immunoprecipitation assay using antibodies directed against STAT1 and STAT3 transcription factors (Figure 5A and 5B). The specificity of the reaction was tested using, as positive control, one fragment containing the GAS element from human c-Myc gene promoter (R&D System). As negative control, similar experiments were done except that the STAT1/STAT3 antibodies were omitted. Input DNA was amplified for each sample in parallel experiments. Compared to control (quiescent cells), stimulation of SMCs with 100 U/mL IFN␥ for 2 hours determined a specific enrichment of sequences surrounding the GAS elements. The association of STAT1 and STAT3 proteins with the Nox1 and Nox4 promoters was reduced by JAK2 inhibitor WP1066 (supplemental Figure V) . As shown by agarose gel electrophoresis all primers pairs amplified a single band at the predicted molecular weight ( Figure 5C ).
Discussion
Upregulation of Nox activity is commonly associated with the progression of cardiovascular diseases and correlates with increases in Nox1 and Nox4 expression. Stimuli-induced Nox1 plays a significant role in vascular response to injury. 22 Unlike Nox1, which requires regulatory subunits for its activity, Nox4 produces ROS constitutively and changes in mRNA level directly affect the Nox4 activity. 23 Thus, regulation and the rate of transcription of Nox4 represent an important mechanism for its function. Numerous proinflammatory and growth-related agents including serum, angiotensin II, and tumor necrosis factor ␣ 24 -26 induce Nox4.
To establish whether JAK/STAT signaling cascade is involved in the regulation of oxidase transcription we initially performed computer analysis of the Nox promoters. The program identified the presence of highly conserved GAS (STAT1/ STAT3) elements [NTT(C/A)(C/T)N(T/G)AA, where N is any nucleotide] within Nox1 (3ϫGAS), Nox4 (3ϫGAS), p22phox (1ϫGAS), p47phox (4ϫGAS), p67phox (3ϫGAS), NoxO1 (2ϫGAS), NoxA1 (1ϫGAS), Rac1 (1ϫGAS), and Rac2 (1ϫGAS) promoters. Because Nox1-and Nox4-derived ROS mediate processes underlying SMCs dysfunction we focused on these essential Nox isoforms.
The role of JAK/STAT signaling in the regulation of Nox was investigated using different inhibitors: doubled-stranded decoy ODN directed to the activated STAT1 or STAT3, and upstream pharmacological inhibitors of JAK2 namely, AG490, S3I201, WP1066. The latter is a potent inhibitor of JAK2 phosphorylation, but unlike AG490 and S3I201, also degrades JAK2 protein thereby blocking more effectively its downstream STAT activation. 27 The reported upregulation of oxidative stress and inflammation-related genes in atherogenesis, such as MnSOD and MMP9, represent important biomarkers of vascular injury. 28 Therefore, to validate our experimental design and to confirm that IFN␥ induces oxidative stress and proinflamma- tory conditions in SMCs, the gene expression of MnSOD and MMP9 were evaluated as positive controls.
Using lucigenin chemiluminescence and dihydroethidium assays, we found that IFN␥ increased the Nox activity in a JAK/STAT-dependent manner. Chemical inhibition of JAK2 significantly reduced the IFN␥-dependent upregulation of O 2 Ϫ production at 4 and 24 hours. Conversely, oligodeoxynucleotides directed to the activated STAT1 and STAT3 diminished the upregulated Nox activity only at 24 hours. At 4 hours, the upregulated Nox activity was insensitive to STAT1 and STAT3 ODN suggesting the existence of a transcriptionindependent mechanism of oxidase regulation. Thus, it is necessary to differentiate between the direct activation of Nox by IFN␥ and the increase in enzyme activity attributable to a transcriptional upregulation.
STAT1 and NF-kB are crucial regulators of cytokine-induced transcription of gp91phox (Nox2) in phagocytes. 29, 30 Although important, the molecular mechanisms responsible for the increased expressions of Nox1-and Nox4-based NADPH oxidase in vascular cells are scantily defined.
Nox1 is transcriptionally regulated by GATA-binding factors in Caco-2 cell line. 31 Less is known about the regulation of Nox1 promoter in human SMCs. Cevik et al 32 showed that AP-1 is essential for the rat Nox1 promoter activity. These results are consistent with our previous findings on human aortic SMCs regarding the modulation of Nox expression by AP-1/MAPK-related pathways. 8 The role of JAK/STAT in SMCs is unknown.
Kuwano et al 33 demonstrated that IFN␥ induces Nox1 expression and O 2 Ϫ production in Caco-2 cells, and this upregulation may be in part mediated by a distal (Ϫ4.3 kb) STAT1 element. Our data on SMCs confirm and extend these observations. Stimulation of SMCs with IFN␥ led to a marked upregulation of Nox activity and Nox1 mRNA and protein expression through a JAK/STAT-dependent mechanism. In addition, we predicted 3 novel GAS (STAT1/ STAT3) elements in the Nox1 proximal promoter. Of particular interest is that the GAS (III) element is located in the core promoter in the proximity of TATA box, suggesting the essential role of JAK/STAT signaling in the upregulation of Nox1 isoform in response to proinflammatory or growthrelated stimuli.
To identify the regions required for the basic transcription activity, the luciferase gene expression directed by the human Nox1 promoter was analyzed in SMCs. The results showed a similar pattern of Nox1 promoter activity, as previously found in Caco2 cell line, 31 characterized by distal negative regulatory sequences and proximal positive acting elements.
Nox4 is highly expressed in many cell types, including SMCs and endothelial cells, indicating that Nox4 may have a fundamental role in promoting redox-dependent cellular processes. 34 Because changes in mRNA level directly affect the Nox4-derived ROS production, regulation and the rate of transcription of Nox4 is of particular interest. There are few data concerning the Nox4 promoter regulation. A first analysis of the mouse Nox4 promoter was done by Zhang et al 35 in A7r5 cells and primary mouse aortic SMCs demonstrating that growth-promoting transcription factor E2F physically interact with Nox4 promoter. Using human Nox4 promoterluciferase constructs in SMCs, we obtained a similar pattern of Nox4 promoter regulation like those indicated for the mouse Nox4 promoter. In addition, we identified 3 highly conserved GAS elements that might regulate transcriptionally the human Nox4 gene.
To investigate the function of the GAS elements within human Nox1 and Nox4 promoters, we performed cotransfection experiments using 5Ј deletion constructs and STAT1 or STAT3 expression vectors. Transient overexpression of STAT1 or STAT3 induced a significant increase of luciferase level directed by the promoters of either Nox1 or Nox4 genes indicating the presence of functionally STAT1 and STAT3 binding sites.
To further uncover the function of GAS elements, we analyzed the nuclear factor binding activities and found that sequences corresponding to the predicted GAS form a bound complex with STAT1 or STAT3 proteins. The overexpression analysis and DNA-protein interaction assays indicated that human Nox1 and Nox4 gene promoter contains STAT1 and STAT3 positive-acting regulatory elements.
To test the involvement of JAK/STAT pathway in the overall Nox transcription, overexpression and inhibition studies were conducted using luciferase-constructs carrying the human p22phox, p47phox, or p67phox promoters. IFN␥ and STAT1 play a role in the upregulation of Nox regulatory subunits in several cell types. 36 -38 Our results extends these observations to human SMCs. In addition, we found that STAT3 also might be an important regulator of p47phox or p67phox transcription in human aortic SMCs.
To our knowledge, this is the first report providing evidence on the regulation of human Nox1 and Nox4 in SMCs, highlighting the mechanism whereby JAK/STAT pathway is involved in the modulation of Nox expression and function. The novel data emphasize the crossway between inflammation and oxidative stress in the development of vascular disorders.
Inhibition of JAK/STAT pathway is already used in cancer therapy. 39 Because the JAK/STAT system is also a key regulator of vascular cell response to insults, "regulation of the regulator" may represent a new pharmacological target in vascular diseases, such as atherosclerosis.
